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Introduction

GR can describe our Universe Ordinary Matter
If we introduce unknown matters. 4.9%
DarkiMatter

We may need beyond standard model!!

Standard model of gravity = GR, but

What is graviton?

- It should be spin-2 field.
- Massless field or Massive field? How many gravitons?

Dark Energy,

There could be several gravitons as other gauge bosons.

For simplicity, we focus on the case of two gravitons
— Bigravitons = massless graviton and massive graviton
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Non-linear bigravity theory (Hassan,Rosen, 11)

Two dynamical metrics: 9, and f.. (Hassan, and Rosen, 2011)
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Interaction is restricted to be free from ghost.
Particle aspect of massive graviton? = It may be just a massive particle.

We derive the energy-momentum (psudo-)tensor of massive graviton
from nonlinear bigravity theory.

— Massive graviton can be a dark matter.
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Linearization of bigravity

Consider the perturbation 99,0 == guv — Mws  0fpw := fruv — Mo -
Mass eigenstates with mass dimension one
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Linearized bigravity theory

= General Relativity (massless spin-2) + Fierz-Pauli theory (massive spin-2)
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Massive graviton as dark matter

We shall discuss gravitons perturbatively « T, T, = 2" order of EOM

We focus on sub-horizon scale
— background can be Minkowski spacetime

Perturbative expansion can used when

Vainshtein radius is much smaller than scales of DM
- p< Ay (Ag:= (mMg)?)

The universe is free from the Higuchi type instability
- H <m
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Energy-momentum tensor of graviton

In GR, Tg‘ﬂ,’ can be obtained from the nonlinear part of EOM. (Isaacson, 1968)
1

(2)
THY = —<M§15GW> = Z(a“haﬁayha(%) in transverse-traceless gauge

— (High-frequency) gravitons are sources of (low-frequency) graviton
via nonlinear terms of Einstein equation in GR.
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Bigravity? There are two Einstein equations — Source of which equation?
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Energy-momentum of gravitons in bigravity

We find the energy-momentum tensors (both massless and massive)
are sources of the massless graviton.

The fully nonlinear Einstein equations in bigravity
G (g) = 2 (TmOwr £ T8 | GRY(f) = WETE™OH

EOM of massless graviton including nonlinear terms:

1 y
EM P hap = == (Ti" + Ty (h) + T ()

pl

5 (2) 1
Thy = { ~MRIGH (h) ) = £(0"h*P0"hap)
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Massive graviton as dark matter in bigravity

When we focus on the scales » m™1,

the gravity mediated by the massive graviton is suppressed.

b = —5900/2 — _% (]_ + Q{e_mr) =~ —GM G = 1/87TM§1
r (A
— Only the Einstein equation of massless graviton is relevant.
V,x 1 v v v 4 1 « v
e hap = 3 (T + T +T5") Tg" = 700497 0"¢ap)

In the scales >» m™1,
the massive gravitons does not modify the gravity as a mediator,

however they can modify the gravity as a gravitational source.

When m > p > galaxy scales™ (& m > 10723 V)

2
e = %diag[(waﬁwag),0,0,0] = Dark matter
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Other constraint on massive graviton DM

Lower bound on graviton mass: m > 10~%% eV

2
= %diag[(g@aﬁwaﬁ),0,0,0] = Dark matter

We can obtain upper bound on graviton mass from the decay rate.

1
Spp = [ d*z |L L ———,,, TE
o= [ |conle] + Lovle] + 5 en |
Massive gravitons can decay to light particles. "
1
Total decay rate of massive graviton Mg

s Puv
Mg, 7

M 2/3
Upper bound on graviton mass: m < 0.01 (FG) GeV
pl
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Massive graviton production

The massive graviton can be dark matter when

o 273
102% eV < m < 0.01 (M—G> GeV,

pl
We assume the production of massive graviton happens when H, < m

How to generate massive gravitons?
1
huTh” + e Tl

_>
o
° o ¢ massive —> .': DM m ~ 0.01GeV
® Gravitons
®. o —— massless > GW eg.LIGO

When GWs are generated, MGs (=DM) are also generated.
— Bigravitons as dark matter and gravitational waves
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Massive gravitons from preheating

As an example, we consider generation through the preheating.

GW is generated by collisions of field bubbles (= large inhomogeneity)
in sub-horizon scales.

GW momentum and energy k, ~ 1/R,, ph, ~ 0.1(R.H,)?p.

R, : typical size of field bubble
p+ . background energy density Dufaux et al. JCAP 0903, 001 (2009)

Produced massive gravitons are relativistic (A; > p* > m)
2

Ml
<80a5’“90a6’y> -~ MI; (haﬁ’“h"‘ﬁ”’)
G

After the cosmic expansion, the present abundance is
M?
Qg ~ 20 -
M(Q; o f BV f is the present frequency of GW
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Massive gravitons from preheating

We focus on GW to be sensitive in the LIGO range.
eg. pi/* ~10°GeV, R;' ~0.1GeV = f ~ 40Hz, h>Qyy ~ 1077

If LIGO detects GW background and MG is dominant component of DM,

: M2
we obtain _2m 10~ 14 GeV

G

Consistency of our assumptions: R > m > V2H,

A set of consistent parametersis m ~ 0.01 GeV, Mg ~ 106Mp1

The corresponding free streaming scale ~ 107 pc — CDM

Even for our restricted case, we can construct a consistent model of DM.
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Summary and Discussions

We have proposed a scenario in which the massive graviton is DM.

DM can be created when GM is created.
— GW can carry information about DM in our scenario.
e.g. We can estimate the graviton mass from GW.

We construct a consistent model of DM originated by preheating.
- m ~ 0.01 GeV, Mg ~ 10°M,,; when LIGO observes GW from preheating.

Direct detection of graviton mass? — consistency relation of MG-DM.

Other scenario would be possible. Babichev et al. arXiv: 1604.08564,

v' Thermal production— TeV < m < 10* GeV with Mg > M,
v' Other GW emission event? Inflation? First order transition?...
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